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We use a combination of X-ray diffraction, total scattering and quantum mechanical calculations to determine
the mechanism responsible for hydration-driven contraction in ZrW2O8. Inclusion of H2O molecules within
the ZrW2O8 network drives the concerted formation of new W–O bonds to give one-dimensional (–W–O–)n
strings. The topology of the ZrW2O8 network is such that there is no unique choice for the string trajectories: the
same local changes in coordination can propagate with a large number of different periodicities. Consequently,
ZrW2O8 is heavily disordered, with each configuration of strings forming a dense aperiodic ‘spaghetti’. This
new connectivity contracts the unit cell via large shifts in the Zr and W atom positions. Fluctuations of the
undistorted parent structure towards this spaghetti phase emerge as the key NTE phonon modes in ZrW2O8
itself. The large relative density of NTE phonon modes in ZrW2O8 actually reflect the degeneracy of volume-
contracting spaghetti excitations, itself a function of the particular topology of this remarkable material.
Zirconium tungstate, ZrW2O8, is an important material be-
cause it harbours a number of useful and counterintuitive me-
chanical responses to external stimuli. First, on heating, its
molar volume decreases such that the material is 2% denser
at 1050 K than at 0.3 K [1–4]. This negative thermal expan-
sion (NTE) effect is about as strong as the usual positive ther-
mal expansion (PTE) of conventional materials, and so can
be exploited in athermal composites [5–7]. Second, under
hydrostatic pressure, ZrW2O8 amorphises unusually easily,
transforming into a disordered phase that is denser by more
than 20% [8–10]. This switching between crystalline and
amorphous states is related to the mechanism exploited for
data storage in phase-change chalcogenides [11]. And, third,
hydration of ZrW2O8 gives the monohydrate ZrW2O8·H2O,
which has a molar volume ∼10% smaller than ZrW2O8 itself
[12, 13]. In this sense the material—which has no appreciable
pore network—is nonetheless a kind of ‘inverse sponge’ that
shrinks instead of swells when it takes up water. We call this
effect “negative hydration expansion” (NHE). NHE is known
to occur in anisotropic ‘breathing’ frameworks such as MIL-
53 [14, 15], but is rare in cubic systems [16, 17]; pore sizes
are typically 5–20 A˚ in all cases. The phenomenon is largely
unexplored—and particularly so in ZrW2O8—yet has poten-
tial applications in counteracting hydration-driven swelling of
construction materials (e.g. concretes and clays).
While the mechanism responsible for NHE in ZrW2O8 re-
mains unclear [12, 13], both NTE and pressure-induced amor-
phisation (PIA) have been studied extensively and are under-
stood to arise from a peculiar phonon spectrum. The material
supports an extensive family of low-energy modes with large
and negative Gru¨neisen parameters [18–23] (i.e. their fre-
quencies soften with pressure)—the thermodynamic require-
ment for NTE in cubic systems [6]. Under hydrostatic pres-
sure the energies of these modes fall to zero [8, 24]. Because
the modes are distributed throughout the Brillouin zone (BZ),
the resulting structural transition is associated with a family
of modulation periodicities, and hence amorphisation [10].
Despite the many experimental and computational studies
of ZrW2O8, the microscopic origin of its phonon anomalies
remains contentious. It is the sheer number of NTE vibra-
tional modes that is difficult to explain: each one appears
to involve a remarkably different combination of polyhedral
translations, rotations, and distortions [22]. Early indica-
tions of the importance of ‘rigid unit modes’ (RUMs) [25–
27] have increasingly lost experimental [28, 29] and compu-
tational [22, 23] support, with consensus only emerging re-
garding the role of polyhedral distortions and the ‘skipping
rope’ or ‘tension’ mechanism proposed in Ref. 3.
Intriguingly, hydration switches off NTE in ZrW2O8:
ZrW2O8·H2O is a conventional PTE material [13, 30]. One
implication is that the mechanism responsible for NHE
saturates the same set of displacements from which NTE
arises. Consequently we sought to determine the structure of
ZrW2O8·H2O, establish a mechanism for NHE, and explore
the relationship between NHE and NTE in ZrW2O8 itself.
In this Letter, we show that hydration of ZrW2O8 pro-
ceeds via concerted formation of one-dimensional strings of
new W–O bonds. The topology of the ZrW2O8 network is
such that there is no unique choice for the trajectory of these
strings: the same local changes in coordination can propagate
with a macroscopically large number of different periodici-
ties. Each configuration of strings forms a dense ‘spaghetti’
that describes an additional connectivity responsible for con-
tracting the unit cell via surprisingly large shifts in the Zr and
W atom positions. So ZrW2O8·H2O is heavily disordered, al-
beit in a highly correlated fashion. Remarkably, fluctuations
of the anhydrous parent towards this spaghetti phase emerge
as the key NTE phonon modes in ZrW2O8. Consequently the
density and distribution of NTE modes throughout reciprocal
space actually reflect the degeneracy of volume-contracting
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2FIG. 1: X-ray diffraction patterns (λ = 1.54056 A˚) of (a) anhy-
drous and (b) hydrated ZrW2O8: data in black, fits in red, difference
(data−fit) in blue, and reflection positions as tick marks. The fit in
(a) is from a Rietveld refinement using the coordinates of Ref. 3; ∗ =
minor impurity. The fit in (b) used our DFT coordinates, with Pa3¯
symmetry applied (inset: the corresponding structural model repre-
sents the configurational average of a disordered spaghetti).
spaghetti excitations, itself a function of network topology.
The starting point for our study was to prepare and char-
acterise polycrystalline samples of both ZrW2O8 and its
monohydrate, following the hydrothermal methodologies of
Ref. 31. The corresponding X-ray powder diffraction pat-
terns [Fig. 1] reflect all hydration-driven structural responses
noted in earlier studies [12, 13]: the crystal symmetry in-
creases on hydration from P213 to Pa3¯, the lattice param-
eter a decreases from 9.153(3) to 8.876(4) A˚, and there is a
marked increase strain-driven peak broadening. We found hy-
dration/dehydration cycles (∼36 h) to be reversible in all re-
spects, including the appearance and disappearance of strain
effects. Rietveld refinement of the parent ZrW2O8 diffraction
pattern using the published structure [3] gave an excellent fit,
but we encountered the same difficulty noted in [12] of ob-
taining a structural model for the monohydrate: the scattering
density at the Zr and W sites indicated severe positional dis-
order and the O atom positions were impossible to determine.
Given the difficulty of directly interpretating the X-ray
diffraction pattern of ZrW2O8·H2O, we used quantum me-
chanical calculations to determine an energetically-sensible
candidate structure for this phase. The structure of ZrW2O8
contains a single symmetry-related set of cavities, with each
cavity of the correct size to host one H2O molecule [Fig. 2(a)].
There is one cavity per formula unit, and four formula units
per unit cell. The cavities are positioned on the 4a Wyckoff
sites and coincide with three-fold rotation axes of the P213
space group. Clearly this point symmetry is incompatible
with that of the H2O molecule. So there is a choice of three
possible orientations for each of the four water molecules to
be placed in a single unit cell. This situation contrasts that
of NH3 binding in ZrW2O8·NH3, for which NH3 orienta-
tions are ordered and P213 symmetry is maintained [32]—the
molecular point symmetry of NH3 (3m) being a supergroup
of the 4a site symmetry (3) [33]. Instead the arrangement of
H2O molecules that results in the least severe symmetry low-
ering gives P212121 symmetry. We will come to show that
ZrW2O8·H2O is in fact heavily disordered, with Pa3¯ symme-
try emerging as a configurational average over states related
to this P212121 arrangement we now consider in detail.
Starting with this highest-symmetry H2O arrangement, we
carried out density functional theory (DFT) relaxations at two
different levels of theory (LDA and PBESOL0; see [34]). En-
ergy minimisation was sensitive to the precise starting posi-
tions of the additional H2O molecules within the framework
cavities, yet we were able to identify a series of closely-related
low-energy structures with molar volumes smaller by 6–8%
than that of ZrW2O8. The corresponding enthalpies of wa-
ter adsorption were in the range 60–90 kJ mol−1 (PBESOL0
functional), indicating strong physisorption [35]. Hence our
calculations are entirely consistent with a NHE effect of the
same magnitude as that observed experimentally.
The structure of our lowest-energy P212121 model for
ZrW2O8·H2O reveals how hydration brings about a contrac-
tion of the unit cell. In this model, each H2O molecule is
chemically bonded to one of the two crystallographically-
distinct W atoms [W1 in Fig. 2(b)] along a direction that is
FIG. 2: (a) The crystal structure of ZrW2O8: Zr in green, W in
blue, O in red, and the four cavities of each unit cell in surface repre-
sentation. (b) DFT geometries of the key structural fragment before
(top) and after (bottom) hydration. Note the formation of additional
W–O–W bonds. W2. . .W1 pairs are indicated by a grey arrow; the
location of these pairs within the structure is shown in (a). (c) On
hydration, neighbouring W2. . .W1 pairs connect to form W–O–W–
chains. Note the symmetry-equivalent choices for these new connec-
tions (dashed lines). The red cylinders denote the connections made
in the DFT (P212121) structure. (d) The final P212121 structure,
with W–O–W strings shown in grey and H2O molecules shown in
space-filling representation.
3no longer parallel to a triad axis of the original unit cell. This
new coordination induces a series of coupled rotations and
translations of both types of W-centred polyhedra that collec-
tively results in a set of new W–O–W connections. These con-
nections draw the framework in on itself: the terminal W1–O
and W2–O bonds of the original structure are forced within
bonding distance of nearby W2 and W1 atoms, respectively.
Not only does this connectivity reduce the average W. . .W
separation—and in turn the unit-cell volume—but it results in
substantial displacement of both Zr and W atoms away from
their original sites. Indeed, provided we can account for the
Pa3¯ crystal symmetry, these displacements are fully consis-
tent with experiment: Fig. 1(b) shows the excellent match
between the experimental diffraction pattern and that derived
from our DFT coordinates. Moreover, our model accounts for
the NTE/PTE switch on hydration: zone-centre phonon cal-
culations show a dramatic reduction in the number of NTE
modes, with the corresponding coefficient of thermal expan-
sion now positive [34].
Given the existence of this low-energy P212121 structure,
why would the experimental system retain cubic symmetry?
We suggest the key is the existence of a diverging number of
different ways of propagating the local changes in coordina-
tion identified by our DFT calculations. This degeneracy, we
claim, leads to a strongly disordered state. We proceed to de-
scribe this state and in turn test our claims using experimental
X-ray pair distribution function (PDF) measurements.
Consider the new W–O–W bonds formed during hydration
[Fig. 2(b)]. While there is only one W1 atom accessible to
each terminal W2–O bond, there are three equally-spaced W2
atoms which any terminal W1–O bond might approach. These
three choices of W2 atom are related by the same triad axis
that is broken by the symmetry of an H2O molecule. So, in
selecting one of three possible states, the particular orientation
of each H2O molecule effectively determines the trajectory
of a corresponding W1–O→W2 linkage [Fig. 2(c)]. These
new W–O–W bonds form one-dimensional strings that in our
DFT structure reflect the same P212121 crystal symmetry of
the H2O molecule arrangements [Fig. 2(d)]. But more dis-
ordered H2O arrangements are associated with equally dis-
ordered arrangements of W–O–W strings (we will call col-
lections of strings a ‘spaghetti’, noting the relationship to the
‘loop’ models [36] of e.g. Coulomb phases [37, 38]). Such
states are not random. Note that in the DFT structure each
W1–O bond approaches only one W2 atom, and each W2
atom is approached by only one W1–O bond. Preserving these
local constraints enforces correlations between the new W–O–
W bonds formed, and in turn between the orientations of suc-
cessive H2O molecules. It can be shown [34] that the number
of configurations satisfying these local rules grows exponen-
tially with system size to give a macroscopic number of viable
hydration states; the corresponding configurational entropy is
Sconfig & R ln(9/8). Hence there is an entropic driving force
for ZrW2O8·H2O to adopt spaghetti states, with the bulk crys-
tal symmetry reflecting the (cubic) configurational average.
There is a robust analogy between this model and icelike states
on the pyrochlore lattice, which also preserve cubic symmetry
[37, 39, 40].
In order to test the relevance of this spaghetti model to the
NHE mechanism of ZrW2O8·H2O, we proceeded to measure
X-ray total scattering data for both ZrW2O8 and its hydrate.
Such data are directly sensitive to the local structure changes
induced by hydration. We then developed a supercell model of
a disordered spaghetti state, informed by the DFT structure we
have already described, from which an X-ray-weighted PDF
might be calculated and compared against experiment.
Our total scattering measurements were performed using a
PANalytical Empyrean X-ray diffractometer fitted with an Ag
anode (Qmax = 20 A˚−1); the corresponding PDFs [41], nor-
malised using GUDRUNX [42], are shown in Fig. 3(a). We
were able to model the PDF of ZrW2O8 in PDFGUI [43] us-
ing the crystal structure of Ref. 3. By contrast, the P212121
model for ZrW2O8·H2O is capable of fitting convincingly
only the very lowest-r region of the corresponding PDF, and
cannot account for the positional disorder evident at distances
r & 4 A˚.
Because it was not computationally feasible to explore a
disordered spaghetti configuration at the DFT level, we used
harmonic lattice-dynamical methods, informed by the bond-
ing geometries observed in our P212121 DFT structure, to
generate a 5 × 5 × 5 approximant [44] [Fig. 3(b)]. First
we determined an appropriate disordered spaghetti of self-
avoiding W–O–W pathways using a custom Monte Carlo al-
gorithm, guided by the connectivity rules of Fig. 2(c). This
spaghetti was used to assign both connectivity and H2O ori-
entations within a supercell of the P213 ZrW2O8 structure.
Atomic positions and unit cell dimensions were then relaxed
using the GULP code [34, 45], with harmonic potentials con-
structed from the equilibrium bond distances and angles of
our earlier DFT calculation. The cell volume decreased dur-
FIG. 3: (a) X-ray PDFs G(r) of anhydrous (top) and hydrated (bot-
tom) ZrW2O8: data as points and fits as lines. For ZrW2O8 a satis-
factory fit is obtained using the model of Ref. 3 (red lines). For the
hydrate, the DFT P212121 model fits at low r but cannot reproduce
the broad oscillations at r > 4 A˚ (thin black line). Instead, the PDF
calculated from our disordered spaghetti model (red line) captures all
features. (b) The relaxed GULP model for a ZrW2O8·H2O spaghetti
configuration as described in the text: only W–O–W linkages are
shown, using grey cylinders [cf. Fig. 2(d)].
4ing relaxation, reflecting activation of the NHE mechanism as
described above. We consider this GULP-relaxed configura-
tion to be representative of the degree of structural disorder
implied by the spaghetti model. The connectivity of the re-
laxed structure is shown in Fig. 3(b), and the PDF calculated
from the full model compared against experiment in Fig. 3(a).
The quality of this fit-to-data shows that the displacive disor-
der introduced by spaghetti W–O–W connectivity can indeed
account for the broad oscillations in the experimental PDF.
A necessary consequence of the macroscopic configura-
tional entropy of spaghetti formation on the ZrW2O8 lattice is
that the corresponding hydration-driven distortions are dense
throughout the BZ. Hence the structure of ZrW2O8·H2O re-
flects a superposition of spaghetti states with arbitrarily large
periodicities. Anisotropy vanishes in this limit such that the
corresponding global symmetry is cubic, with an average
structure given by the projection of all possible distortions
onto a single unit cell [Fig. 1(b)]. The large displacements in-
volved account for the substantial crystal strain observed ex-
perimentally, and also for the difficulty of interpreting even
high-quality neutron diffraction data [12]. In turn, proton mi-
gration and topological defects in spaghetti state formation
account for the introduction of inversion symmetry. Conse-
quently we conclude that NHE is driven by a degenerate fam-
ily of ‘spaghetti’-like lattice distortions modulated with peri-
odicities distributed continuously throughout the BZ.
Having established this mechanism, we sought to determine
whether the same distortions that drive NHE are related to the
phonons responsible for NTE in ZrW2O8. Published data [23]
allow access to the frequencies ω(k, ν), eigenvectors e(k, ν),
and Gru¨neisen parameters
γ(k, ν) = − V
ω(k, ν)
∂
∂V
ω(k, ν) (1)
for each phonon branch ν and wave-vector k. NTE modes
are those for which γ < 0. By comparing the atomic coor-
dinates of each ZrW2O8 framework atom in the anhydrous
and hydrated DFT structures, we formed a normalised, mass-
weighted displacement vector u that describes the volume-
reducing framework deformations induced by hydration. The
projections c(k, ν) = u · e(k, ν) partition these deformations
amongst the normal modes; for the (k = 0) DFT structure
the c(k, ν) necessarily vanish for k 6= 0. Remarkably, we
find that 88% of the displacements described by u can be ac-
counted for in terms of two of the lowest-energy k = 0 NTE
modes. The same result is found for zone-centre phonons gen-
erated by our quantum mechanical calculations [34]. Extend-
ing our analysis to wave-vectors k 6= 0 requires access to su-
percell configurations. So, using the same GULP approach de-
scribed above, we generated a family of ten different 3×3×3
spaghetti configurations. For each ZrW2O8·H2O configura-
tion we extracted the corresponding framework displacement
vectors u and projected these onto the phonon eigenvectors
e(k, ν) of ZrW2O8 for k ∈ 〈n13 , n23 , n33 〉∗, ni ∈ (0,±1).
We find that the projections onto the very lowest energy
modes (mostly acoustic) account for ∼45% of the hydration-
FIG. 4: Hydration-driven framework displacements in
ZrW2O8·H2O project strongly onto NTE phonon eigenvectors
in ZrW2O8. The average magnitude of projection coefficients c
(vertical bars) is shown as a histogram of γ/ω; nearly 90% of the
cumulative projection (blue shaded region) is accounted for by NTE
modes.
driven displacement, and on including all modes with negative
Gru¨neisen parameters this total projection rises to 87% of the
total framework response [Fig. 4] [34].
So the most important NTE phonon branches are strongly
implicated in the NHE response of ZrW2O8, but the ques-
tion remains of whether the spaghetti displacements invoked
for NHE are necessarily involved in the NTE dynamics.
The c(k, ν) play a crucial role in answering this question:
whereas previous studies have focussed either on individual
collective modes [22] or on the correlated motion of iso-
lated structural fragments [29], the c(k, ν) allow us to recon-
struct combination NTE modes with intuitive real-space re-
alisations. For example, the P212121 DFT configuration of
Fig. 2(b) gives a framework displacement vector u that—as
we have said—projects almost entirely onto just two zone-
centre modes ν1, ν2 (note ω1, ω2 = 44.1 cm−1 and γ1, γ2 =
−4.14). The combination mode c(0, ν1)ν1 + c(0, ν2)ν2 then
describes one specific collective vibration of ZrW2O8 con-
tributing to NTE. Crucially, the associated displacement vec-
tor e′ = c(0, ν1)e(0, ν1) + c(0, ν2)e(0, ν2) does indeed in-
volve fluctuations towards the very same spaghetti states as-
sumed by ZrW2O8·H2O; an animation of this combination
mode is provided as SI [34]. The same result also holds for
the more complex family of NTE modes associated with the
3× 3× 3 spaghetti configurations described above [34].
The significance of this result is that the key real-space
mechanism for NTE in ZrW2O8 is the correlated translation,
rotation and distortion of ZrO6/WO4 polyhedra towards the
volume-reducing spaghetti states adopted in ZrW2O8·H2O.
The configurational degeneracy of these states—a property
of the peculiar ZrW2O8 topology—is such that these fluc-
tuations are described by a family of phonons necessarily
spread throughout the BZ, with individual spaghetti distor-
tions described by the population of a family of NTE phonons.
Consequently a ‘spaghetti dynamics’ mechanism for NTE in
ZrW2O8 finally explains (i) why NTE modes are distributed
throughout the BZ, (ii) why it is so difficult to interpret in-
5dividual NTE phonons in isolation, and (iii) how the local
polyhedral rotations/translations identified in previous stud-
ies [27, 29] actually propagate throughout the crystal lattice.
Moreover, in determining this mechanism, we have estab-
lished an unexpected link between the correlated structural
disorder associated with NHE, on the one hand, and the prop-
erty of NTE, on the other hand, that is of significant con-
ceptual importance in the broader context of understanding
disorder–property relationships in functional materials [40].
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